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Brief tour of Jefferson Lab

Outlook

unpolarized and helicity distributions

Longitudinal nucleon structure

Outline

Electron Ion Collider

12 GeV upgrade

TMDs and GPDs
Transverse nucleon structure
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Jefferson Lab Overview
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Thomas Jefferson National Accelerator Facility
(Jefferson Lab)

located in Newport News, Virginia

Jamestown:
1st permanent 

English settlement
(1607)
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CEBAF at Jefferson Lab

Continuous 
Electron 
Beam 
Accelerator 
Facility 
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Fundamental 
 symmetries 

Hadrons from quarks 
Medical imaging 

Quark confinement Hadron structure 

Accelerator S&T 

Nuclear structure 

Theory & computation 

A Laboratory for Nuclear Science
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A Laboratory for Nuclear Science

~ 1400 users (2/3 US, 1/3 foreign)

~ 1/3 of all US PhDs in nuclear physics
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6 GeV Experimental Nuclear Physics Program 

Successfully Completed! 

May 18, 2012
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Foreword: A Long Decade of Physics 
•   Making the case for Jefferson Lab 
•   Nucleon Form Factors 
•   Strange Vector Form Factors 
•   Unpolarized Structure Functions 
•   Spin Structure Functions 
•   Deeply Virtual Exclusive Processes 
•   Lattice QCD 
•   Results from the N* Program 
•   Transition to Perturbative QCD 
•   Short-Distance Structure of Nuclei 
•   Medium Modifications of Hadrons & Partons 
•   Searches for Physics Beyond the SM 
•   Hypernuclear Spectroscopy 
•   The Free Electron Laser Program 
•   CEBAF Accelerator Achievements 

6 GeV Experimental Nuclear Physics Program 

“The First Decade of Science at Jefferson Lab”

J. Phys. Conf. Proc. 299 (2011)
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12 GeV Upgrade of CEBAF

Maintain capability to 
deliver lower pass beam 
energies: 2.2, 4.4, 6.6…. 

New Hall 

Add arc 

Enhanced capabilities 
in existing Halls 

Add 5 
cryomodules 

Add 5 
cryomodules 

20 cryomodules 

20 cryomodules 

Upgrade arc magnets  
and supplies 

CHL 
upgrade 

Upgrade designed to build on existing facility: 
vast majority of accelerator and experimental 
equipment have continued use 

Completion of 12 GeV Upgrade 
ranked highest priority in 2007 
NSAC Long Range Plan 
(reaffirmed in Jan. 2013) 

Double accelerator energy 6      12 GeV
New experimental Hall D, and upgrades to existing Halls
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Longitudinal
Nucleon Structure
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Inclusive DIS structure functions

Christy, WM
JPCS 299, 012004 (2011)
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Detailed mapping of resonance-scaling transition region
high precision tests of quark-hadron duality
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“coherent” “incoherent” WM, Ent, Keppel

PRep. 406, 127 (2005)
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Malace et al.
PRC 80, 035207 (2009)

(W < 2 GeV)

strong cancellation of higher twists

Inclusive DIS structure functions

Comparison of low- and high-W data shows remarkable 
duality between resonance and partonic descriptions

     10-15%  for

Q2 (GeV2) Q2 (GeV2)

Q2 > 1GeV2�
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Confirmation requires (free) neutron data
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new approach to DIS at large x: use resonance data
to learn about leading twist structure!

Baillie et al.
PRL 108, 142001 (2012)

Inclusive DIS structure functions

BoNuS experiment (tag slow, backward proton
                                     in SIDIS from deuteron)
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duality violations < 10% - duality not accidental !
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Monaghan et al. (2012)

longitudinal moment analysis suggests
larger gluon distribution at high x

Inclusive DIS structure functions
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Inclusive PVDIS structure functions
!e p → e pLeft-right polarization asymmetry in                 scattering
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depends on      interference structure functionsγZ
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At twist-four, have 3 unique operators

Shuryak, Vainshtein
NPB 199, 451 (1982)

(a) (b) (c)

(a) (b) (c)

O
V
µν = (ψ̄γµψ) (ψ̄γνψ)

O
A
µν = (ψ̄γµγ5ψ) (ψ̄γνγ5ψ)

O
g
µν = ψ̄ {iDµ, �Fνα}γαγ5 ψ

Higher-twist parts of moments
of structure functions                        Fi = F2, FL, xF3

Mi(Q
2) =

� 1

0
dxFi(x,Q

2)

MHT

i = cVi �OV �+ cAi �OA�+ cgi �O
g�

can solve for matrix elements with precise data 
on moments of all 3 structure functions in
Q  ~ 1-5 GeV   region2 2

Inclusive DIS structure functions

17



Neutrino DIS would allow test of universality of duality,
and determine size of higher twist matrix elements
in P-odd vs. P-even structure functions

currently resonance form factors poorly constrained
(old ANL/BNL neutrino resonance-production data)

Lalakulich, Paschos, WM, PRC 75, 015202 (2007)

Complementarity with J-PARC
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New global NLO analysis of expanded set of p and d
data (DIS, hadronic) including large-x, low-Q  region2

systematic study of effects of Q  & W cuts2

2include nuclear & 1/Q   corrections

CJ (CTEQ-JLab) global PDF analysis

d → d + a xb uparametrization dependence  (                           )
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Owens, Accardi, WM, arXiv:1212.1702

http://www.jlab.org/CJ
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Uncertainty in d-quark feeds into larger uncertainty
in gluon at high x (important for LHC physics!)

observation of new physics signals requires accurate 
determination of QCD backgrounds      depend on PDFs!

> 100% uncertainty
at large y !

Brady et al.
JHEP 1206, 019 (2012)
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Several planned experiments at JLab with 12 GeV will
measure d/u to x ~ 0.85 with minimal nuclear corrections

Accardi et al., PRD 84, 014008 (2011)

SIDIS from D with slow backward proton (“BoNuS”);
inclusive   He /  H ratio;  and PVDIS from proton3 3

JLab 12 GeV plans
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Complementarity with J-PARC

Cleanest and most direct method is to use
neutrino and antineutrino DIS on hydrogen
(avoid nuclear corrections)

selects d and u quark PDFs at large x

need reach up to x ~ 0.85, with large Q  range
to control for higher twists

2

F νp
2

F ν̄p
2

→ d

u
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Sea quark flavor asymmetry

Flavor asymmetry in proton sea
suggests important role of pion    
cloud in high-energy reactions

Drell-Yan process in
pp & pd scattering

(d)(c)

(e)

(g)(f)

(a) (b)
(d)(c)

(e)

(g)(f)

(a) (b)

(d)(c)

(e)

(g)(f)

(a) (b) (d)(c)

(e)

(g)(f)

(a) (b)

Burkardt et al., arXiv:1211.5853

Can also be measured in semi-inclusive      production 
from protons or deuterons

π±

proton. An extrapolation was made to account for the unmea-

sured region at low x. To extrapolate this integral from the

measured region, which is shown in Fig. 11, to the unmea-

sured region, MRST and CTEQ5M were used to estimate the

contribution for 0!x!0.015 and it was assumed that the
contribution for x"0.35 was negligible. The uncertainty

from this extrapolation was estimated to be 0.0041 which is

half the difference between the contributions as given by

MRST and CTEQ5M.

VII. CHARGE SYMMETRY AND SHADOWING

The analysis presented here assumes that the parton dis-

tributions of the nucleon obey charge symmetry: i.e., up(x)

!dn(x), d̄ p(x)! ūn(x), etc. This is consistent with the treat-

ment in previous experiments #1–4$ and global fits #13–15$.
The possibility that charge symmetry could be significantly

TABLE XI. The cross section ratio, d̄/ ū and d̄" ū values determined from the combination of all data sets for each x2 bin. The first

uncertainty is statistical and the second uncertainty is systematic. The quantities extracted from the cross section ratio are given for Q2

!54 GeV2/c2. The cross section ratio has a systematic uncertainty of less than 1% as shown in Table X. The average values for kinematic

variables are also shown.

x2 range %pT& %M'#'"&
min-max %x2& %xF& (GeV/c) (GeV/c2) (pd/2(pp

d̄/ ū d̄" ū

0.015–0.030 0.026 0.534 1.004 4.6 1.038$0.022 1.085$0.050$0.017 0.862$0.489$0.167

0.030–0.045 0.038 0.415 1.045 5.1 1.056$0.011 1.140$0.027$0.018 0.779$0.142$0.096

0.045–0.060 0.052 0.356 1.076 5.6 1.081$0.010 1.215$0.026$0.020 0.711$0.077$0.060

0.060–0.075 0.067 0.326 1.103 6.2 1.086$0.011 1.249$0.028$0.021 0.538$0.055$0.041

0.075–0.090 0.082 0.296 1.122 6.8 1.118$0.013 1.355$0.036$0.023 0.512$0.044$0.028

0.090–0.105 0.097 0.261 1.141 7.2 1.116$0.015 1.385$0.046$0.025 0.400$0.040$0.022

0.105–0.120 0.112 0.227 1.156 7.5 1.115$0.018 1.419$0.060$0.027 0.321$0.038$0.017

0.120–0.135 0.127 0.199 1.168 7.8 1.161$0.023 1.630$0.085$0.031 0.338$0.034$0.013

0.135–0.150 0.142 0.182 1.161 8.2 1.132$0.027 1.625$0.110$0.033 0.259$0.035$0.010

0.150–0.175 0.161 0.164 1.156 8.7 1.124$0.027 1.585$0.111$0.032 0.180$0.027$0.008

0.175–0.200 0.186 0.146 1.146 9.5 1.144$0.038 1.709$0.158$0.036 0.142$0.023$0.005

0.200–0.225 0.211 0.133 1.146 10.3 1.091$0.047 1.560$0.194$0.034 0.081$0.022$0.004

0.225–0.250 0.236 0.120 1.178 11.1 1.039$0.063 1.419$0.264$0.036 0.045$0.023$0.003

0.250–0.300 0.269 0.097 1.177 12.0 0.935$0.067 1.082$0.256$0.032 0.006$0.019$0.002

0.300–0.350 0.315 0.046 1.078 12.9 0.729$0.124 0.346$0.395$0.022 "0.040$0.036$0.002

FIG. 9. d̄(x)/ ū(x) versus x shown with statistical and system-

atic uncertainties. The combined result from all three mass settings

is shown with various parametrizations. The E866 data and the

parametrizations are at Q2!54 GeV2/c2. The NA51 data point is
also shown.

FIG. 10. d̄" ū as a function of x shown with statistical and

systematic uncertainties. The E866 results, scaled to fixed Q2

!54 GeV2/c2, are shown as the circles. Results from HERMES

(%Q2&!2.3 GeV2/c2) are shown as squares. The error bars on the
E866 data points represent the statistical uncertainty. The inner er-

ror bars on the HERMES data points represent the statistical uncer-

tainty while the outer error bars represent the statistical and system-

atic uncertainty added in quadrature.

R. S. TOWELL et al. PHYSICAL REVIEW D 64 052002

052002-10

Compute pion (& nucleon) distribution functions in   PTχ

E866, PRD 64, 052002 (2001)
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Nucleon spin structure

world DIS data before JLab

1

2
=

1

2
∆Σ+ Lq +∆G+ Lg

(DIS)

(DIS + pp)

Lq,g = ?

∆Σ ∼ 0.25

∆G � 1

(GPDs)
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Nucleon spin structure

1

2
=

1

2
∆Σ+ Lq +∆G+ Lg

world data with JLab (up to ~ 2011)

(DIS)

(DIS + pp)

Lq,g = ?

∆Σ ∼ 0.25

∆G � 1

(GPDs)
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evaluation of moments
maps transition from 
pQCD to EFT

first evidence of 
rise above unity

(dramatic difference
 between pQCD & SU(6)
 predictions)

(test sum rules, lattice QCD)

Γp
1

EJ, Bj

GDH

Nucleon spin structure

•

•
•

Zheng, PRL 92, 012004 (2004)

pQCD

SU(6)

An
1
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JAM global PDF analysis*

Utilize high-precision low-W, low-Q   JLab data to 
constrain spin PDFs at large x, systematically including

2

nuclear smearing corrections

dependence on W & Q  cuts2

finite-Q   corrections

How does          behave as ∆q/q x → 1?

is there evidence for 
component of wave function
from 

Lz = 1

∆d(x)?

* JLab Angular Momentum collaboration:
    http://www.jlab.org/JAM Jimenez-Delgado et al. (2013)

2

28
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Flagship 12 GeV experiment

2.8 � Q2 � 10.5 GeV2

JLab 12 GeV plans

He target3

Hall C

An
1

x    0.77≤

12

semi-inclusive
     production
from p & d
π±

0 0.2 0.4 0.6 0.8 1
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!0.6

0

0.6

1.2

!
d

v
 /
d

v

Hermes 99

CQM
*

pQCD

CLAS++

Figure 3.35: Projection of CLAS ∆d/d measurements at large x, compared with the
constituent quark model (CQM) and pQCD-based parameterizations.

distribution is reasonably well established experimentally, the polarized d-quark dis-
tribution is poorly known, especially at large x, where there are significant differences
between predictions derived from non-perturbative and perturbative models of QCD.
The data shown in Fig. 3.35 represent the present knowledge of ∆d at large x. An
energy and luminosity upgraded CLAS will allow measurements in the x region above
0.5. Assuming factorization, SIDIS measurements may be used to extract polarized
distribution functions using polarized proton and deuteron targets. The extraction
of polarized-quark distribution functions from semi-inclusive asymmetries could be
done either using the purity technique [100] or the method based on the extraction
of spin asymmetries in the difference of π+ and π− counts [117].

3.3.3 Semi-Exclusive Meson Production

In the processes of semi-exclusive electroproduction, the final meson is produced at
short distances via hard-gluon exchange [118, 119, 120], with a characteristic rapidity
gap between the current fragmentation region and target fragmentation region. This
mechanism is expected to dominate the cross section in the kinematic regime where

89

Hall B

29



Transverse
Nucleon Structure

30



Including transverse momentum of partons in nucleon,
there exist eight twist-2 distribution functions

TMDs

quark polarization
N

 p
ol

ar
iz

at
io

n

Sivers transversity

Boer-Mulders

pretzelosity

worm-gear

measured through single & double spin asymmetries
in SIDIS and pp scattering

window on parton orbital angular momentum (OAM)
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Extract Sivers function in pion SIDIS from
azimuthal angle distributions

TMDs

Scattering Plane 

target angle 

hadron angle 

Sivers angle (φh-φs)        effect in distribution function

Collins angle (φh+φs)        effect in fragmentation function

32



T-odd distribution, until recently
thought to vanish

first estimates of proton
       asymmetries interference structure function

between states of different OAM

TMDs:  Sivers

HERMES COMPASS

AUT
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Different path in gauge link leads to opposite 
sign in SIDIS and DY

T-odd distribution, until recently
thought to vanish

f⊥1T

���
DY

= −f⊥1T

���
SIDIS

first estimates of neutron
       asymmetries interference structure function

between states of different OAM

TMDs:  Sivers

AUT

JLab Hall A

Qian et al., PRL 107, 072003 (2011)
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TMDs:  worm-gear
Beam-target double spin asymmetry

Huang et al.
PRL 108, 052001 (2012)

JLab Hall A

indicates nonzero quark orbital motion
(quark longitudinal spin distribution
 in transversely polarized nucleon)

set up framework for future global (SIDIS,  DY, e  e  )
fits of TMDs (extension of CJ/JAM PDF analysis)

+ -
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Deeply virtual Compton scattering (DVCS)

GPDs

Bethe-Heitler 

GPDs 

H,E

�H, �E
unpolarized
polarized

�
functions of
x, ξ, t, Q2 ξ =

xB

2− xB

various spin combinations sensitive to different GPDs

Ji sum rule � 1

−1
dx x (Hq + Eq)t=0 = Jq

!"LU ~ sin# Im{F1H + $(F1+F2) H – kF2E}d#%~ 

!"UL ~ sin# Im{F1H + $(F1+F2) (H+ xBE/2)  – $kF2 E + … }d#%

!"LL ~ (A+B cos#) Re{F1H + $(F1+F2) (H+ xBE/2)…}d#%

!"UT ~ cos# Im{k (F2 H– F1 E) + ….. }d#$
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GPDs

PRL 97, 262002 (2006)

!"LU JLab Hall A

ALU 

PRL 100, 162002 (2008) PRL 100, 162002 (2008)

JLab Hall B
AUL 
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-t(GeV2) -t(GeV2) -t(GeV2) 

Model-independent fit
to world’s DVCS data

GPDs

Extraction of total
angular momentum J
carried by quarks

model-independent fit 

VGG model prediction 

from quark helicity
measured in DIS,
deduce orbital
angular momentum
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generalized form factors nucleon spin

lattice data will constrain
GPD parameterizations

-t (GeV  )2 -t (GeV  )2

u-d u+d

A30/A10
DFJK fit

Jq =
�
Aq

20(0) + Bq
20(0)

�
/2

Lq = Jq −∆Σq/2

Ld ≈ −Lu ≈ 30%

Jd ≈ 0Ju+d ≈ 40− 50% ,

Lu+d ≈ 0 ,

An0 ∼
�

dxx
n−1

H(x, ξ, t)

GPDs:  lattice moments

talk of Huey-Wen Lin

Lattice Hadron Physics Collaboration
PRD 77, 094502 (2008)
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Complementarity with J-PARC

Novel idea to study GPDs in
hadronic pp reactions

access to ERBL region (              )

Kumano, Strikman, Sudoh
PRD 80, 074003 (2009)

−ξ < x < ξ

Neutrino DVCS uniquely sensitive
to C-odd combinations of GPDs,
not accessible with e scattering

2N (p )2N (p ) /

//

/

// l (k )l (k )

c

(q )
l(k)

b

(q q )

N(p )

21

a

B
1

B
2

1

(q )2(q )

N(p )

l(k)

1

W, Z

N B

Psaker, WM, Radyushkin
PRD 75, 054001 (2007)

flavor decomposition,
non-diagonal transitions

can extract spin-dependent 
valence & sea distributions
with an unpolarized target!
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5D 

1D 

3D GPD(x, ξ, t)TMD(x,k⊥)

PDF(x) FF(t)

t→
0

Hierarchy of nucleon structure

Wigner distribution
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Outlook
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12 GeV Upgrade of CEBAF

Role of gluonic excitations in (light) meson spectroscopy?
(     quark confinement)

Missing spin of the proton:  is there significant quark
orbital angular momentum?

Novel landscape of nucleon substructure through new
multidimensional distributions
(     PDFs, GPDs, TMDs)

Relation between short-range NN corrections
and partonic structure of nuclei?

Evidence for physics beyond the standard model?
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12 GeV Upgrade of CEBAF

Approved experiments

more than 7 years of running time already approved!
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16 month installation             
May 2012 – Sep 2013 

Hall A commissioning start       
Feb 2014 

Hall D commissioning start   
  Oct 2014 

Halls B & C commissioning 
start Apr 2015 

Project Completion               
June 2015 

FY12: reduction of $16M 
FY13: Pres Request – no restoration  
           CD-4B may be at Risk 

12 GeV Upgrade of CEBAF

Current 12 GeV schedule
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A polarized EIC aims to study
gluon dominated matter

Electron Ion Collider

With 12 GeV we study mostly
the valence quark component

mEIC 

EIC 12 GeV 

NSAC 2007 Long-Range Plan:!

    “An Electron-Ion Collider (EIC) with polarized 
beams has been embraced by the U.S. nuclear 
science community as embodying the vision for 
reaching the next QCD frontier.  EIC would 
provide unique capabilities for the study of 
QCD well beyond those available at existing 
facilities worldwide and complementary to 
those planned for the next generation of 
accelerators in Europe and Asia.” 

EIC collaboration, involves both
  BNL and JLab communities

JLab and BNL developing
  “staged” designs 

EIC Advisory C’tee:
  Montgomery & Aronson
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Electron Ion Collider

Medium Energy EIC

Pre-booster 

Ion 
source 

Transfer 
beam line 

Medium 
energy IP 

Electron collider 
ring 

(3 to 11 GeV) 
Injector 

12 GeV CEBAF 

SRF 
linac 

Warm large booster 
(up to 20 GeV) 

Cold ion  
collider ring  
(up to 100 

GeV) 

Jefferson Lab Concept 

!    Initial configuration (MEIC): 
•  3-11 GeV on 20-100 GeV ep/eA collider 
•  longitudinal and transverse polarization  
•  high luminosity (up to few x 1034 e-nucleons cm-2 s-1) 

!    Upgradable to higher energies (250 GeV protons) 
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Timeline (as of Feb. 8, 2013)

   Activity Name                                                               2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 

12 Gev Upgrade 

FRIB 

EIC Physics Case 

NSAC LRP 

 EIC CD0 

EIC Machine 
Design/R&D 

 EIC CD1/Downsel 

 EIC CD2/CD3 

EIC Construction 

Electron Ion Collider
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cannot have full understanding without input from both

Summary 

Many areas of complementarity in nucleon (& nuclear) 
structure studies at Jefferson Lab and J-PARC

Opportunity for close cooperation between communities

Eagerly awaiting 12 GeV running
expected to reveal rich, multi-dimensional structure
of nucleon with high precision
first beam expected 2014

ありがとうございました
to workshop organizers!

similar (large-x) physics probed by different beams

49


